Background
Introduction
Infection by dengue viruses (DENV) results in clinical presentation ranging from asymptomatic infection to a fatal viral hemorrhagic fever characterized by plasma leakage and bleeding [1] [2] [3] . Plasma leakage in dengue occurs around the time of defervescence, is localized primarily in the serosal cavities, and usually lasts approximately 48-72 hours. Severe plasma leakage can lead to shock (dengue shock syndrome). Although the principal mechanism of shock is due to decreased intravascular volume, abnormal cardiac function may contribute to cardiovascular compromise. Several studies have reported cardiac involvement in dengue including myocarditis and heart failure [4] [5] [6] [7] [8] [9] [10] . Functional impairment and electrocardiographic abnormalities have also been described [11] [12] [13] [14] . The incidence and severity of cardiac involvement in dengue has varied between studies, likely as a result of differences in study design, methodology, and populations.
Early detection of plasma leakage and fluid replacement is critical in the treatment of dengue. It has been observed that excessive fluid treatment can lead to pulmonary edema in some cases [15] [16] [17] . Increased intravascular volume due to fluid intake and reabsorption of fluid from serosal cavities has been thought to be the underlying mechanism. However, it remains possible that abnormalities in cardiac function may also contribute to pulmonary edema.
To further our understanding of cardiac involvement in dengue, we undertook serial echocardiographic studies of cardiac function in dengue cases. We characterized the dynamics of cardiac functional indices and analyzed them in the context of the clinical course and the extent of plasma leakage. Our findings indicate that myocarditis is uncommon, but transient functional changes are common and correlate with the extent of plasma leakage. Diastolic dysfunction characterized by impaired left ventricle (LV) relaxation was the most prominent abnormality. These findings have practical implications for fluid management in dengue.
Methods

Ethics statement
The study was approved by the Institutional Review Boards of the Thai Ministry of Public Health, the Walter Reed Army Institute of Research Institutional Review Board. Written informed consent was obtained from the parent or the legal guardian of each study subject.
Patients
Children less than 15 years of age who were hospitalized for suspected dengue at Queen Sirikit National Institute of Child Health (QSNICH) in 2010 to 2012 were enrolled. Criteria for suspected dengue included cases with febrile illness without an obvious focal source of infection and with compatible laboratory findings including leucopenia or thrombocytopenia. Patients with chronic hematologic or immunologic conditions were excluded. Patients were treated according to World Health Organization (WHO) guidelines [2] . The patients were encouraged to drink. Intravenous fluid was administered in cases with dehydration and inadequate oral fluid intake. The rate and amount of fluid were adjusted according to the clinical status and the severity of dehydration. In shock cases, 10 ml/kg fluid was given as bolus or within one hour for resuscitation and the rate of fluid was adjusted subsequently according to clinical status following an established treatment guideline at QSNICH. DENV infections were confirmed by RT-PCR to detect viral RNA in plasma obtained on the day of study enrollment and by serology of paired acute and convalescent plasma [18, 19] Daily complete blood count, plasma albumin and serum aspartate and alanine aminotransferase (AST, ALT) levels were obtained. Echocardiographic and chest and abdominal ultrasonographic studies were performed daily.
Cases with negative dengue serology were classified as non-dengue febrile illness. Confirmed dengue cases were assigned as dengue fever (DF) or dengue hemorrhagic fever (DHF) according to the 1997 WHO case definitions [2] . DHF cases were graded according to severity as grades I-IV. Cases were also classified as dengue and severe dengue according to the 2009 WHO guidelines [3] . Severe dengue was defined as cases with 1) plasma leakage requiring fluid resuscitation from shock, 2) significant bleeding (defined as cases that required blood transfusion in this study), and 3) evidence of organ failure including AST or ALT >1000 IU/ml. Case classification was performed after the completion of the study by investigators not involved in patient care.
The day of defervescence (temperature <38°C) was defined as fever day 0. Days before and after defervescence were defined as fever day -1, -2, and +1, +2, etc. The study was approved by the Institutional Review Boards of the QSNICH, Thai Ministry of Public Health, and the Walter Reed Army Institute of Research. Written informed consent was obtained from the legal guardian of each participant. Assent was obtained from children who were at least 7 years old.
Cardiac enzymes
Daily plasma samples obtained during hospitalization and at the early convalescence follow up visit (approximately 5 days after hospital discharge) were assayed for troponin-T levels using the Elecsys Troponin T hs assay (Roche Diagnostics, Elcsys, Germany). Levels >30 pg/ml were considered elevated. Plasma samples collected on the first day of hospitalization and at the early convalescence visit were also analyzed for creatine kinase MB (CPK-MB) isoenzyme levels by ELISA (MyBioSource, U.S.A.). The assay range was 0.2-60 ng/ml. All tests were performed in batch after study completion and without the knowledge of the clinical diagnosis.
Ultrasonography
Daily ultrasonography was performed as previously described [20] . The vertical dimensions of pleural effusions were measured as the distance between the top of the dome of the diaphragm and the base of the lung visualized by upright midaxillary longitudinal scans of the right hemithorax. The dimensions of ascitic fluids in the perivesicular area were measured in the transverse scan of the lower abdomen.
Echocardiography
Daily echocardiography was performed by a single cardiologist (TK) using a CX50 CompactXtreme ultrasound system (Philips Healthcare). All measurements were obtained on a daily basis without knowledge of the diagnostic laboratory results. Systolic and diastolic blood pressures and electrocardiograms were recorded during the examinations. Routine 2-D echocardiogram and color flow Doppler were obtained in subcostal and apical 4-chamber views. An Mmode scan of the LV obtained from a standard parasternal long-axis view, at the level of the mitral valve (MV) tip, was recorded simultaneously with the electrocardiogram. Measurements of LV walls and dimensions were performed in accordance with published guidelines [21, 22] . Transmitral pulsed-wave Doppler velocities (peak E-and A-wave velocities) were measured in the apical four chamber view with the sample volume positioned at the MV. Tissue Doppler Imaging (TDI) of the LV was performed using pulsed wave Doppler assessment of the medial and lateral MV annulus. Peak tissue medial and lateral S-wave (S), E-wave (Ea) and A-wave (Aa) velocities were measured. Myocardial performance index (MPI) was calculated from TDI of the LV using the following formula: (isovolumic contraction time + isovolumic relaxation time)/ejection time). Blood pressure was measured by oscillometric method at the time of echocardiography. An average value from at least three consecutive measurements was calculated. TDI parameters were assessed using published age-specific normal values [23] . Values below the 5 th or above the 95 th percentile of normal values were deemed abnormal.
The inferior vena cava (IVC) diameter was measured using the subcostal view, below the level of the hepatic veins. Pericardial effusions, abnormal electrocardiograms, and other anatomical and functional findings were recorded when present.
Statistical methods
Variables are reported as mean (SE) or number (%) as appropriate. Analysis of categorical variables was performed using Chi square. Continuous variables were tested with Shapiro-Wilk's tests for normality of distribution. Normally distributed continuous variables were compared using ANOVA with post hoc analysis or by Student's t-test. Mann-Whitney U test was used for covariates with non-normal distribution. Correlations were analyzed using Spearman's analysis for non-parametric data and Pearson's analysis for parametric data. A p value 0.05 was considered significant. All analyses were performed using SPSS (version 14).
Results
Patient characteristics
Between 2010 and 2012, 861 cases were screened, 320 cases met enrollment criteria; 181 dengue cases and 35 non-dengue cases were enrolled. The reasons for not being enrolled were: 1) patients already developed clinical signs of shock at the time of screening, 2) failure to obtain informed consent and/or assent, 3) the number of cases exceeded the weekly enrollment limit (6 cases per week). Table 1 shows clinical and laboratory findings on the first day of the study. Dengue cases were classified as 119 DF cases and 12, 28, 21, and 1 cases of DHF Grades I, II, III, and IV, respectively (Table 1) . Twenty-three cases were classified as severe dengue (SD) according to 2009 WHO guidelines; all met the DHF case definition. The diagnosis of nondengue cases were: unspecified viral illness (28 cases), influenza (3 cases), respiratory syncytial virus infection (1 case), pneumonia (1 case), and sinusitis (2 cases). Dengue cases were older than non-dengue febrile illness cases (p = .002, ANOVA) and had higher hematocrit levels on the day of enrollment (p = .005, ANOVA). DHF cases had higher levels of alanine aminotransferase (ALT) and hematocrit and lower albumin and platelet counts compared to DF cases (all at p<0.05, ANOVA). There were no deaths or intensive care unit admissions, and none received vasopressive or inotropic support.
Hemodynamic and functional cardiac indices on the first day of study Table 2 shows the hemodynamic and cardiac functions of dengue cases on the first study day. Cases were classified into DF and DHF. To examine cardiovascular functions in the context of plasma leakage, we further divided DHF cases based on the presence of ultrasonographic Liver enzyme > 1000 3
Other isolated organ failure 0 AST, IU/ml 48.5 (6) 126 (11) 429 (238) ALT, IU/ml 23 (4) 61 (6) evidence of plasma leakage at this time point. Differences were observed between DHF cases that already showed plasma leakage at this time point (n = 36) compared to DHF cases that had not yet developed plasma leakage (n = 24) and DF cases (n = 119). DHF cases with plasma leakage had decreased stroke volume and cardiac index (CI), and elevated systemic vascular resistance (SVR) (p = .001, .003, .003, respectively, Student's t-test). These indices were not different between DF cases and DHF cases that had not yet developed plasma leakage. Diastolic and systolic cardiac indices also differed between groups. MV-E wave and ejection fraction (EF) were lower in DHF cases with plasma leakage compared to those without (p = .01, and .068) and to DF (p = .001, and .006). There were 6 cases with EF < 56%; all had evidence of plasma leakage. There were no differences in age, sex, and viral serotypes of DHF cases with or without plasma leakage at this time point. The above findings suggest that differences in hemodynamic status and LV functions were associated with plasma leakage and decreased intravascular volume. To examine cardiac functions that are less volume dependent, we performed tissue Doppler imaging (TDI) of the LV. TDI measurements of myocardial excursion at the MV during diastole and systole revealed lower early LV diastolic motion as indicated by lower Ea velocity in DHF with leakage (Table 3 ). E/Ea ratios were reduced in these patients indicating comparatively lower LV filling pressure. Mean myocardial performance index (MPI) of the LV was higher (indicating poorer cardiac performance) in DHF with leakage compared to the other two groups. The extent of plasma leakage as indicated by the size of pleural effusion as measured on ultrasound examination inversely correlated with early and late LV diastolic wall movement in both the septal and lateral regions (R = -.296,-.158, and-.273 for lateral Ea, lateral Aa, and septal Ea waves, respectively. (P = .001, .027, .001). However, no correlations were observed between the severity of plasma leakage and LV systolic wall movement (septal S wave and lateral S wave). Comparative analysis of hemodynamic and cardiac functional indices observed on the first day of the study in DHF cases who did not have plasma leakage at that time point to the values of these indices observed at the time of subsequent plasma leakage demonstrated evidence of volume contraction and worsening cardiac function (S1 Table and S2 Table) . However, the differences were comparatively smaller than those between DHF with or without leakage at the study enrollment. This may be due to the close clinical monitoring and timely fluid intervention in these cases.
High proportions of non-dengue and dengue cases demonstrated abnormal TDI parameters including low amplitudes of S waves and Ea waves indicating defects in systolic and diastolic movement of the left ventricle (Table 4 and S3 Table) . Forty-two to sixty-three percent of dengue patients had low medial or lateral S waves compared to 21-33% in non-dengue cases but these differences were not statistically significant. However, the proportions of dengue cases with low Ea wave amplitudes were higher than non-dengue cases (p = .001) with the highest frequency found in DHF cases who already developed plasma leakage. The percentages of cases with abnormally high E/Ea ratio, which indicates elevated LV filling pressure, were higher in DHF cases that had not developed plasma leakage (64%) compared to DF (41%, p = .049) and DHF with plasma leakage (22%, p = .001). Changes in hemodynamic status, cardiac function, and plasma leakage over the course of illness Fig 1 shows the patterns of hemodynamic and volume indices and fluid intake over the course of the illness of DF and DHF cases. DHF cases had higher heart rate compared to DF early in the course of illness and this persisted throughout the acute illness (A). There was no difference in systolic blood pressure (B), but mean diastolic pressures were higher in DHF cases around the day of fever resolution (fever day 0) and shortly thereafter (C). This coincided with decreased intravascular volume as indicated by a decrease in the average IVC diameter in DHF cases (D). DHF cases had lower CI (E) at defervescence (fever day 0) and increased SVR (F) on fever day 0 and +1 compared to DF cases. Ultrasonography revealed a gradual increase in the percentage of cases with plasma leakage, with peak incidence on fever day +1 (G). Patients with DHF also received more fluid compared to those with DF starting on fever day 0 and afterward. Evaluation of LV systolic and diastolic functions revealed lower EFs (Fig 2A) on fever day -1 and 0, and lower early component of LV inflow (MV-E wave) on fever days 0 and +1 (Fig 2B) in DHF compared to DF. The late component LV inflow was also decreased in DHF on fever day +1 (Fig 2C) . Seventeen dengue cases had at least one abnormal EF (<56%) detected during the illness. They represented 7%, 9%, 15%, and 32% of DF, DHF grade I, II, and DHF Gr III/IV cases, respectively. The relative frequencies of abnormal EFs were higher in DHF grade III/IV compared to DHF grade I/II and DF (p < .001, Chi-square). The majority of cases (67%) had low EF detected on only a single day, usually fever day 0 or +1. The EFs on the day of discharge were improved compared to the lowest EF. Taken together, this indicates that changes in hemodynamic status in DHF were temporally associated with plasma leakage and were characterized by a compensatory autonomic response to contracted intravascular volume which was corrected by fluid replacement.
Tissue Doppler assessment of cardiac wall motion
TDI of the MV showed slower septal movement during systole in DHF compared to DF on fever day +1 (p = .031) (Fig 3B) . Early and late diastolic LV annulus motions (Ea and Aa wave) were lower in DHF cases compared to DF cases at the end of the febrile period and after Hemodynamic status and plasma leakage in dengue by fever day. Heart rate (A), systolic blood pressure (B), diastolic blood pressure (C), inferior vena cava diameter (D), mean cardiac index (E), systemic vascular resistance (F), frequencies of cases with a pleural effusion or ascites (G), and daily fluid intake (H) of dengue fever (dotted line) and dengue hemorrhagic fever cases (solid line) over the course of the illness. Fever day 0 denotes day of defervescence. * different from dengue fever cases (P < .05). The numbers of cases were: fever-day -3 (DF 4, DHF 5), fever-day-2 (DF 13, DHF 9), feverday-1(DF 43, DHF 26), fever-day-0(DF 104, DHF 56), fever-day+1(DF 119, DHF 62), fever-day+2(DF 70, DHF 60), fever-day+3(DF 13, DHF 38).
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( Fig 3D, 3E and 3F ). The decreased early diastolic annulus motion was more pronounced in the septal area. The E/Ea ratio, which indicates LV filling pressure, was not different between DHF and DF cases on most days except on fever day +1 when the average E/Ea ratio was significantly lower in DHF cases (I). Twenty to seventy percent of dengue cases had abnormally low diastolic and systolic wall motion during the course of the illness (Fig 4A-4D) . The frequencies of abnormally low diastolic wall motion were higher in DHF compared to DF on fever day 0 and after ( Fig 4C and  4D) . Elevated E/Ea ratios were found in both DF and DHF cases with similar frequencies. None had E/Ea ratio above 15.
Troponin and CPK-MB levels were similar between dengue and non-dengue cases on the day of study enrollment. Plasma levels of cardiac troponin-T were low to non-detectable in most cases with comparable levels found in DF and DHF cases throughout the acute illness period. Consistent with this finding, the mean levels of CPK-MB were similar between DF and DHF. However, 14.5% of DHF cases had troponin-T levels >30 ng/L at any time point compared to 5% in DF (p = 0.028, Chi-square test). All of these cases had only one sample with elevated troponin-T levels during the course of illness. These elevated troponin levels were detected later in the course of the illness (Fig 5) . There were no cases with clinical heart failure or conductive defects consistent with clinical myocarditis.
Pericardial effusion was detected in 7 DHF cases. The size of the effusion was minimal in 6 cases and substantial in 1 case. Sinus bradycardia was documented in 1 DF case. Four cases of mild mitral regurgitation (2 DF and 2 DHF) and 2 DF cases with tricuspid regurgitation were found. These findings were transient and not clinically significant.
Twelve patients (4 DF, 8 DHF) had a follow up examination performed at early convalescence (< 1 week after discharge). Trends toward improvement were found for EF and LV inflow at the MV (MV-E) and diastolic medial LV wall movement (medial Ea wave) in DHF cases at convalescence compared to fever day +1 (Table 5 ).
Discussion
Much of the literature on cardiac manifestations in dengue consists of case reports and small case series. More recent prospective studies have reported varied incidence of abnormal cardiac , and late diastolic LV inflow (C) of dengue fever (dotted line) and dengue hemorrhagic fever cases (solid line) over the course of the illness. Fever day 0 denotes day of defervescence. * different from dengue fever (P < .05). The numbers of cases were: fever-day -3 (DF 4, DHF 5), fever-day-2 (DF 13, DHF 9), fever-day-1(DF 43, DHF 26), fever-day-0(DF 104, DHF 56), fever-day+1(DF 119, DHF 62), fever-day+2(DF 70, DHF 60), fever-day+3(DF 13, DHF 38). findings from approximately 15-27% for myocarditis [8, 24, 25] and up to 40% for functional abnormalities [26] . Cardiac performance and hemodynamic status are affected by intravascular volume, cardiac functions and autonomic response. The present study extends our knowledge of cardiac involvement in dengue in several ways. We obtained daily echocardiographic studies over the critical phase of illness in a cohort that included both milder and more severe illness, and analyzed cardiac function data in conjunction with serial assessments of intravascular volume status and plasma leakage. The data show that cardiac functional abnormalities are common in dengue and correlate with disease severity. However, these abnormalities were transient, did not require specific treatment, and were not accompanied by evidence of structural damage to the myocardium.
Our study found that cardiac functional abnormalities were related to the severity of plasma leakage. Decreased EF, CI, LV diastolic inflow, and the elevated SVR in DHF are therefore , LV mean performance index (MPI) (C), lateral (D) and septal (E) annulus movement during early diastole, lateral (F) and septal (G) annulus movement during late diastole, and lateral (H) and medial (I) E/Ea ratios of dengue fever (dotted line) and dengue hemorrhagic fever (solid line) cases over the course of the illness. Fever day 0 denotes day of defervescence. * different from DF (P < .05). The numbers of cases were: fever-day -3 (DF 4, DHF 5), fever-day-2 (DF 13, DHF 9), fever-day-1(DF 43, DHF 26), fever-day-0(DF 104, DHF 56), fever-day+1(DF 119, DHF 62), fever-day+2(DF 70, DHF 60), fever-day+3(DF 13, DHF 38). likely to be affected by contracted intravascular volume. TDI indices, which are less preload dependent [27, 28] , also differed between dengue and non-dengue cases, and between DF and DHF. This was most evident in decreased LV wall movement during early diastole indicating a relaxation defect. The higher frequencies of cases with decreased LV early diastolic wall movement in DF compared to non-dengue cases suggests a dengue specific process independent of plasma leakage. However, the correlation between abnormal LV diastolic movement and the extent of plasma leakage among dengue cases suggests that plasma leakage may also directly contribute to this functional abnormality by reducing intravascular volume. Alternatively, plasma leakage may be a correlate of the disease mechanism that affects cardiac function. The relatively similar E/Ea ratios in DF and DHF despite lower E in DHF reflect this diastolic defect. The pathology underlying this finding is unknown. Nevertheless, the abnormal LV relaxation may further compromise LV filling. Decreased LV relaxation may also contribute to high LV filling pressure when intravascular volume has been restored by intravenous fluid treatment and by reabsorption of effusion fluid, and may lead to the pulmonary edema observed in some DHF cases. The prevalence of subclinical diastolic dysfunction has been reported to increase with age, in individuals with hypertension, LV hypertrophy, and diabetes [29] [30] [31] . This has important implications for clinical care considering the shift in the demographics of dengue cases to adults who may have these common co-morbidities. Further studies in adults with dengue will be needed to address this question.
Fatal dengue associated with myocardial injury and inflammation has been reported. In a study of adult and pediatric cases from Brazil, the incidence of myocarditis on the basis of clinical diagnosis or elevated biomarkers was approximately 15% [24] . A subset of these cases had abnormal echocardiography or MRI [8, 24] . Viral antigen has been detected in cardiac myocytes, monocytes, and endothelial cells by immunostaining [7, 8, 32] . Contrary to these reports, we did not observe cases with myocarditis based on clinical information and cardiac enzymes. Our findings are consistent with other reports in pediatric dengue cases in Southeast Asia [26, 33] . The difference in the incidence of myocarditis in various reports may be related to host genetic factors and locally circulating viruses, which may influence tissue tropism and host inflammatory responses. In addition, different temporal patterns of circulating serotypes may lead to distinct dengue immune status that predisposes individuals for more severe cardiac manifestation during a secondary infection. However, differences in age groups, co-morbidities, and study design may also contribute to differences in manifestations and incidence Although sustained elevated enzyme levels were not found, transient increased levels were found in some cases, particularly in DHF, which may indicate subtle myocardial injury in these cases. Cardiac dysfunction has been reported in other viral hemorrhagic fevers such as CrimeanCongo hemorrhagic fever and Puumala virus infection [34] [35] [36] . The patterns of cardiac involvement are similar to dengue and are characterized by transient functional impairment and normal cardiac enzyme levels. Another similarity is more severe involvement in adults. These findings suggest common pathophysiologic pathways including endothelial cell activation, perturbation of vascular permeability, and cardiac muscle cell dysfunction. Cardiac dysfunction is also common in sepsis in which TNF-α and nitric oxide are considered to be involved [37, 38] . These mediators have been reported to be altered in dengue as well [39] [40] [41] . These mediators may alter cardiac function and hemodynamic status by their permeability enhancing effects, which lead to decreased preload, as well as direct effects on cardiac myocytes and on vascular resistance. The relative contribution of these mediators will need to be further addressed in relevant animal models.
Declining heart rate during defervescence has been observed in dengue and attributed to increased parasympathetic activity [42] . Benign bradyarrhythmias and ectopic beats have been reported in patients with DENV infection following defervescence and were not related to disease severity [43] . The prevalence of cardiac arrhythmia in the present study was lower than previously reported. We did not perform continuous electrocardiographic monitoring and therefore some cases might have been missed. Another limitation was the lack of adult cases that may exhibit distinct cardiac manifestations. Due to the conservative use of intravenous fluid there were no cases with pulmonary edema and fluid overload in this series. However, the relatively normal or elevated E/Ea ratio in DHF cases in the presence of contracted intravascular volume suggests that diastolic dysfunction may predispose some DHF cases to pulmonary edema with aggressive administration of intravenous fluid.
In summary, functional cardiac abnormalities in dengue involved both systolic and diastolic functions and correlated with the severity of plasma leakage. Cardiac structural changes such as infarction and myocarditis were not likely the underlying mechanism. Cardiac dysfunction was transient and did not require specific treatment. Decreased LV wall diastolic movement may contribute to abnormal LV filling and the predisposition for pulmonary edema in DHF. These findings underscore the importance of vigilance in fluid management and hemodynamic status monitoring in the treatment of dengue.
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